Abstract. To study the influence of cAMP on cellular responses to nerve growth factor (NGF) and to use elevation of intracellular cAMP to probe the NGF mechanism, cultured PC12 pheochromocytoma cells were exposed to forskolin and cholera toxin. As in other cell types, the latter agents greatly increased PC12 cell cAMP levels. Such treatment also brought about a reversible, dose-dependent suppression of NGF-promoted regeneration of neurites. In support of the role of cAMP in this effect, regeneration blockage by forskolin was potentiated by phosphodiesterase inhibitors. When tested on NGF-stimulated initiation of process outgrowth, cholera toxin and forskolin exerted a dual effect. As in previous studies, these drugs, when applied along with NGF, significantly enhanced the initial formation of short cytoplasmic extensions. However, after •3 d of NGF exposure, at which time such extensions begin to acquire the morphological and ultrastructural features of neurites, these agents suppressed process outgrowth. That is, the neurites were fewer in number, significantly less branched, and much shorter than in control cultures. Such changes also occurred when these drugs were added to cultures that had been pretreated with NGF alone. Whereas forskolin and cholera toxin affect the formation and regeneration of neurites, these drugs did not interfere with the short-latency, transient changes in surface morphology that are triggered by NGF, nor did they inhibit transcription-dependent priming. In contrast, the rapidly occurring NGF-induced phosphorylation of tyrosine hydroxylase was suppressed. Moreover, forskolin and cholera toxin rapidly and selectively blocked the NGF-promoted phosphorylation of a set of microtubule-associated proteins known as chartins. Previous observations have suggested a causal relationship between NGF-induced chartin microtubuleassociated protein phosphorylation and the formation and outgrowth of neurites. This is supported by the present data and provides a possible mechanism whereby elevated cAMP may interfere with neurite growth and regeneration.
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T HE nerve growth factor (NGF) l promotes a variety of responses in its target cells, including nerve outgrowth and regeneration, regulation of neurotransmitter synthesis, maintenance of survival, and stimulation of anabolic processes (for review cf. 11, 25, 36) . The molecular mechanisms by which these actions are promoted remain largely unclear. One model system that has been extensively used to explore the NGF mechanism is the rat PC12 pheochromocytoma cell line (12, 13) . PC12 cells undergo a number of welldefined responses to NGF and in its presence acquire a neuronal-like phenotype, including the capacity to generate and regenerate microtubule-containing neurites.
Possible mechanisms considered for the NGF mechanism have included mediation via activation of adenylate cyclase 1. Abbreviations used in this paper: NGF, nerve growth factor; MAPs, microtubule-associated proteins.
and generation of elevated intracellular cAMP (cf. 35). However, although permeant analogues of cAMP can elicit some of the same responses in PC12 cells as does NGF, other NGF responses are not mimicked by these agents (cf. 13, 15 for review). In this respect, one area of some disagreement and confusion has been the effect of cAMP analogues or of cAMP-inducing agents on neurite outgrowth in PC12 cultures (cf. 17, 18, 21, 32, 35) . It now appears to be generally accepted that cAMP analogues or inducing agents can stimulate PC12 cells to generate short (<50 ~tm) extensions, but that these do not attain lengths or morphologies comparable to those of neurites elicited by exposure to NGF (9, 13, 17, 18, 32) . Evidence has also been presented that permeant cAMP analogues may synergize the effects of NGF by enhancing the rate at which initial process formation and elongation occur in PC12 cultures (17, 18, 20, 33) .
To further explore the influence of cAMP on the response of PCI2 cells to NGF and to use elevation of intracellular cAMP as a tool to study the NGF mechanism, we have exposed cultures to agents, namely forskolin (33, 34) and cholera toxin (cf. 22) , that selectively activate adenylate cyclase. We report that these agents can inhibit some responses of PC12 cells to NGF while leaving others intact. There is a dual response with respect to morphological events in that these agents lead to apparent enhancement of initial NGFpromoted process formation, but to suppression of the formation and regeneration of mature neurites. Forskolin and cholera toxin are also found to selectively inhibit the NGFpromoted phosphorylation of a set of microtubule-associated proteins (MAPs) designated (27) as chartins. Such data support a previously suggested (5) causal relationship between chartin MAP phosphorylation and NGF-induced neurite outgrowth.
Materials and Methods

Materials
Forskolin was purchased from Calbiochem-Behring Corp., La Jolla, CA, and was diluted from a 30-mM stock solution prepared in either dimethyl sulfoxide or ethanol. Cholera toxin was purchased from Schwarz/Mann, Spring Valley, NY.
Cell Culture
PC12 cells were cultured as previously described (12, 13) on collagen-coated tissue culture dishes. NGF was prepared as described by Mobley et al. (28) and, when present, was applied at a final concentration of 50 ng/ml. For experiments involving scanning electron microscopy, cells were grown on polylysine-coated coverslips as described elsewhere (7) . Regeneration experiments were carried out and scored according to the protocols given by Greene (10) .
Phosphorylation and Gel Electrophoresis
Cultures were labeled with [32Plorthophosphate as previously described (16) . Preparation of labeled microtubule and MAP fractions was as given by Burstein et al. (5) as were the methods used for SDS polyacrylamide gel analysis of labeled phosphoproteins.
Additional Methods
Levels of intracellular cAMP were determined with the use of protocols and kit (catalog No. NEX-132) purchased from New England Nuclear, Boston, MA; scanning electron microscopy was performed according to the methods given by Connolly et al. (6, 7) . In these experiments, cells were fixed at 0.5, 1, 3, 7, 15, 45, and 120 min after addition of either forskolin or cholera toxin or, following pretreatment with forskolin or cholera toxin, after addition of NGE Binding and uptake of ~25I-NGF were carried out as described by Bernd and Greene (1) . Determination of fast and slow binding components (23) was performed by removing the medium containing 125I-NGF and adding 1 ml of medium containing a 500-fold excess (1 pg/ml) of unlabeled NGE After a 30-min incubation on ice, this was removed and the dissociated 125I-NGF measured in a gamma counter. The cells were further processed to distinguish surface-bound and internalized 1251-NGF as described by Bernd and Greene (1) . pmol/I.tg protein and were increased by nearly 800-fold after 1 h of exposure to 100 lxM forskolin. These findings are consistent with prior reports (31, 34) . Cholera toxin, another activator of adenylate cyclase (22) , also markedly raised PC12 cell intracellular cAMP. When applied at 10 ~tg/ml for 1 h, the cAMP levels rose by '~500-fold.
Results
Effects of Forskolin and Cholera Toxin on PC12 Cell cAMP Levels
Effects on Neurite Regeneration
PC12 cells that have been pretreated with NGF for at least several days and then mechanically deprived of their processes exhibit NGF-dependent neurite regeneration within 24 h (reference 10 and Figs. 2 and 3 ). Fig. 3 shows the proportion of such cells regenerating neurites within 24 h after replating in the presence of NGF and various concentrations of forskolin. The latter agent suppressed neurite regeneration with a half maximal effect at ~4 ~tM. That this action was due to elevation of cAMP levels is supported by the observation that the phosphodiesterase inhibitors theophylline and isobutylmethylxanthine potentiated the inhibitory actions of forskolin on neurite regeneration and resulted in a shift in its half-maximally effective concentration to --1.6 IxM (Fig. 3 ). Also consistent with this view was the observation that cholera toxin suppressed neurite regeneration. At toxin concentrations of 1-10 I~g/ml, regeneration was inhibited by '~75-80%. At concentrations of forskolin or cholera toxin that blocked neurite regeneration, there were no visible indications of adverse effects on cell viability or attachment to substrate. Furthermore, as the data in Table I and Fig. 2 show, the inhibitory effects of forskolin on regeneration were reversed within 24 h after the drug was withdrawn from the culture medium.
The above findings show quantitative effects of forskolin and cholera toxin on NGF-promoted neurite regeneration. These agents also caused qualitative changes in the morphol- Figure 3 . Effect of various concentrations of forskolin (with or without the presence of phosphodiesterase inhibitors) on the regeneration of neurites by PCI2 cells. PC12 ceils were pretreated with NGF for 11 d, divested of their neurites by mechanical means, and then subcultured as previously described (11) in the presence of NGF and the indicated concentrations of forskolin (0). In some cases, the medium was also supplemented with 10 mM isobutylmethylxanthine (*) or 10 mM theophylline (X). After 24 h, the cultures were scored for percentage of process-bearing cell clumps. At least 100 clumps were scored per condition. For each condition, the data were normalized so that 100% neurite regeneration equals the proportion of cell clumps regenerating neurites in the presence of NGF alone, less the number of cell clumps regenerating neurites in the absence of re-added NGE For unsupplemented medium, these proportions were 97 and 12 %, respectively; for medium supplemented with isobutylmethylxanthine they were 91 and 7%, respectively, and for medium supplemented with theophylline they were 93 and 11%, respectively. Comparable results were achieved in another, independent, experiment.
ogy of those neurites that grew out in their presence (see Fig.  2 ). These neurites tended to be shorter and possessed more varicosities than those produced in cultures containing NGF alone. The severity of these effects increased as the forskolin concentration was raised above 0.3 ~tM (Fig. 2) . Such alterations in morphology were also present with concentrations of cholera toxin between 1 and 10 ~tg/ml (data not shown).
Within several days after replating, additional neurites ap- PCI2 cells were pretreated with NGF for 2 wk and then passaged into new dishes in the presence of the indicated additives. After 1 d, the cultures were scored for percentage of cell clumps regenerating neurites. 100 clumps were scored per culture. The cultures were then washed 3 times with complete culture medium, re-fed with complete culture medium containing the indicated additives, and re-scored after an additional 24 h (day 2 after plating).
peared, even in the presence of 10-30 laM forskolin. However, these neurites were also stunted and beaded. With prolonged culture in the presence of 10-30 IxM forskolin, the neurites retained their altered appearance for at least 10 d (see Fig. 2 G for an illustration at 7 d). Washout of the forskolin resulted not only in the outgrowth of greater numbers of neurites, but also in a return to the morphology present in control non-forskolin-treated cultures (Fig. 2 H) .
Neurite Initiation
In contrast to regeneration, initiation of neurite outgrowth by PC12 cells without preexposure to NGF is relatively slow and occurs over a time course of several days (12) . To test the effects of forskolin on neurite initiation, cultures were exposed to various concentrations of this drug (0.1-30 ~tM, in steps of threefold increments) in the presence or absence of NGF and observed at times of up to 3 wk. When administered without NGE concentrations of forskolin from 1 to 30 p.M elicited, within 24 h, the formation of short cytoplasmic spikes 3-20-~m long (Fig. 4 F) . These extensions did not substantially elongate beyond this time. As previously described, NGF alone yielded a slow, progressive appearance of neurites that continued to elongate and branch throughout the entire period of treatment. When concentrations of forskolin above 1 I.tM were applied along with NGE a dual response was observed (Figs. 4 and 5). For the first 3 d, the formation of short processes was more marked than that seen with either agent alone (Fig. 4) . Beyond this time, the processes in the forskolin-treated cultures showed a dosedependent decrease in their rate of elongation and extent of branching (Fig. 5 ). The neurites in these cultures took on the stunted form described above for cells regenerating neurites in presence of forskolin. This appearance persisted for as long as the cultures were maintained. Cotreatment with NGF and forskolin also led to an increase in the size of cell bodies greater than that seen with either agent alone (see Fig. 5 ).
In addition to the effects that occurred when forskolin was applied to cultures at the same time as NGE the inhibitory actions of this drug could also be observed in cultures that had been preexposed to NGE When this drug was added to cultures that had been pretreated with NGF alone for 7 d, morphological changes occurred within several days so that the neurites took on an appearance similar to those in cultures with continuous exposure to NGF and forskolin (Fig.  5 F) . The actions of forskolin on neurite initiation were also reversible in that withdrawal of this drug resulted, within a day, in commencement of process elongation, and, within several days, in the return of a more normal neurite morphology.
NGF Binding
One possible manner in which forskolin could affect responses of cells to NGF is via alteration of receptor binding. Two types of receptors for NGF have been described on PC12 cells and neurons (39) . One class is of high affinity and appears to mediate both the biological actions of NGF as well as its internalization (1, 9) . The dissociation of NGF from such receptors occurs relatively slowly and they have therefore also been termed slow NGF receptors (23). The second class of specific binding sites for NGF have an apparent affinity of ~1/2o that of the high affinity sites. These low affinity sites are also '~lS-fold more numerous, but do not appear to mediate NGF responses or uptake (9) . Since NGF rapidly dissociates from these low affinity sites, they have also been termed fast NGF receptors (23). Experiments were performed (as described in Materials and Methods) to assess the effects of various concentrations of forskolin on binding of t25I-NGF to both fast and slow NGF receptors and on the internalization of ~25I-NGE The data in Table II indicate that concentrations of forskolin from 0.3 to 30 ~tM caused a modest apparent increase in the level of binding to slow receptors. At 30 I~M forskolin, there was also a decrease in the amount of NGF internalized. One possible interpretation of these data is that forskolin treatment somewhat slows the internalization of NGF-NGF/receptor complexes, thereby also enhancing surface levels of slow receptors. Overall, these data indicate that forskolin does not bring about a large change in the interaction of NGF with its receptors and that the above observed effects of forskolin on the response of PC12 cells to NGF are unlikely to be due to interference with binding.
Priming
The phenomena of neurite initiation and regeneration by PC12 cells exhibit several differences. For instance, while the former is slow and requires RNA synthesis, the latter is rapid and can occur when RNA synthesis is blocked (4). These observations have led to the concept of NGF-dependent priming (4, 14) . That is, NGF appears to activate a transcriptional pathway that influences PC12 cells to synthesize and store material that is required for neurite outgrowth. Pretreatment with NGF enables the cells, via this stored material, to rapidly regenerate neurites even in the presence of inhibitors of transcription. Thus, to test whether exposure to levels of forskolin that interfere with neurite growth and regeneration also affect priming, cultures were pretreated for 10 d with NGF either alone or in the presence of 30 ~tM forskolin and then assessed for regeneration under the various conditions described in Table III . As anticipated, cells pretreated with NGF alone underwent NGF-dependent neurite regeneration even in the presence of 5 lxg/ml of actinomycin-D, but not when 30 txM forskolin was present. Moreover, when cells pretreated with both NGF and forskolin were replated in medium containing NGF but not forskolin, long normalappearing neurites were regenerated within 24 h, irrespective of the presence of actinomycin-D. These findings indicate that forskolin does not interfere with the process of NGF-dependent priming.
Surface Morphology
Responses to NGF such as neurite regeneration and initiation and priming require from one to several days to take place. Experiments were therefore performed to test the effects of forskolin and cholera toxin on more rapid responses to the factor. Among the most rapidly occurring actions of NGF is the triggering of a stereotyped set of changes in cell surface morphology (7) . Within several minutes of exposure to NGF, PCI2 cells show extensive surface ruffling and the disappearance of microvilli. At '-15 min of treatment, the ruffles disappear. Exposure of the cells to 10 lxg/ml of cholera toxin or up to 30 IxM forskolin alone had no effect on surface morphology. In addition, pretreatment of PCI2 cells with these drugs for 30-45 min had no effect on their subsequent surface responses to NGF (data not shown). These observations are consistent with prior findings that 1 mM dibutyryl cAMP does not alter PC12 cell surface architecture nor affect the changes in this parameter caused by NGF (6).
Rapid Changes in Protein Phosphorylation
Another rapid effect of NGF on PC12 cells is an alteration in the state of phosphorylation of several cell proteins (16, 19, 40) . The most evident and consistently observable of such changes is the enhanced phosphorylation of a band that migrates with an apparent Mr of 60,000 by SDS PAGE (19) . All or most of the responsive material in this band appears to be tyrosine hydroxylase (19, 24) . Fig. 6 shows the patterns of phosphoproteins in PC12 cells that were exposed for 2 h to [32P]orthophosphate in the presence of either control medium, 30 I~M forskolin, NGF, or both 30 lxM forskolin and NGF, and then resolved by SDS PAGE and detected by autoradiography. Forskolin itself caused several increases in labeling. The most reproducibly observed of these were bands at apparent Mr's of 33,000, 41,000, and 121,000. Under these conditions, forskolin brought about little, if any, apparent change in phosphorylation of the Mr 60,000 band, while NGF, in agreement with previous reports (19, 24) , brought about a significant increase in labeling of this material. As shown in Fig. 6 , administration of forskolin strongly repressed this response to NGE Identical results were obtained in 10 additional independent experiments with 30 ~M forskolin and in one experiment with 3 and 10 ~tg/ml of cholera toxin. In one experiment, supression of the NGF response was also near-total with 10 ~tM forskolin, substantial with 3 laM forskolin, and partial with 1 paVl forskolin. Blockade was also achieved if the cells were prelabeled for 1.5 h with [32p]phosphate and then exposed to NGF and 30 laM forskolin for an additional 0.5 h. The latter finding appears to rule out the possibility that the observed effects were due to a rapid, slowly reversible forskolin-induced incorporation of unlabeled phosphate.
Long-term Changes in Phosphorylated MAPs
Exposure of PC12 cells to NGF for periods beyond 2-3 d brings about several characteristic changes in the levels of several phosphoproteins. Among those readily observed by SDS PAGE and fluorographic analysis of PC12 cell proteins that have been labeled by exposure to [32P]orthophosphate for 1-2 h are a species that appears to be phosphorylated [3-tubulin (3, 5) , a high molecular mass MAP (designated MAP1.2; 17) and a MAP of apparent Mr 64,000 (3, 5) designated 64-kD chartin MAP (see Fig. 7 ). At least in the latter case, the increase appears to be due to an NGFdependent shift in degree of phosphorylation rather than to an increase in protein levels (3). Evidence has previously been presented that the 64-kD and other chartin MAPs are distinct from similarly sized tau MAPs (3, 27, 30) and that they may play a causal role in neurite outgrowth in PC12 cells and neurons (5, 29) . Treatment with 1-30 lxM forskolin alone for up to 1 mo did not induce these MAP changes, nor did it substantially alter the overall phosphoprotein pattern (Fig. 7) . Such long-term treatment did, however, result in several alterations, the most striking of which was enhancement of the levels of the phosphorylated Mr 60,000 band (Fig. 7) . Although we have not verified the nature of this band, it most likely corresponds to tryosine hydroxylase. A time course study revealed that this effect on the Mr 60,000 band was evident within 16 h of forskolin exposure (data not shown).
In further experiments, PC12 cells were exposed for 2-4 wk to NGF and 10-30 ~tM forskolin, and their phosphoproteins were then labeled and analyzed by SDS PAGE and autoradiography. In contrast to cells treated with NGF alone, those treated with NGF and forskolin did not show induction of the above-mentioned phosphoproteins (Fig. 7) . Thus, levels of forskolin that adversely affect the extent and morphology of NGF-induced neurite outgrowth also suppress the expression of at least several NGF-regulated phosphorylated microtubule proteins.
Since the actions of forskolin and cholera toxin on neurite regeneration can be observed within a day, these agents were therefore also tested for their acute effects on protein phosphorylation in PCI2 cell cultures that had been pretreated with NGF alone for at least 2 wk. As shown in Fig. 7 , when such cultures were labeled with [32p]phosphate in the presence of 30 llM forskolin for 2 h, phosphorylation of the Mr 64,000 chartin MAP was substantially blocked. In contrast, under these conditions, the labeling of most cellular phosphoproteins, including 13-tubulin, appeared to be unaffected. In some experiments, as in that shown in Fig. 7, MAP1 .2 appeared to be slightly affected; in other experiments, there was no detectable effect on this species. The presence of forskolin also brought about a strong increase in the labeling of a band of apparent Mr 58,000. Overexposure of gels, such as that shown in Fig. 7 , revealed that this band was slightly induced in response to long-term treatment with NGF alone. Findings similar to those described above were achieved either when treatment was with 5 Ixg/ml of cholera toxin, when exposure to forskolin was for 20 h before labeling, or when cells were prelabeled with [32p]phosphate for 1.5 h and then exposed to forskolin and [32p]phosphate for an additional hour (data not shown).
In addition to enhancing phosphorylation of the Mr 64,000 chartin MAP, long-term exposure of PC12 cells to NGF also yields increased phosphorylation of additional chartin MAPs with apparent Mr's of ~72,000 and 80,000 (3, 5) . These chartins can be observed by analysis of solubilized microtubule fractions of PCL2 cells (3, 5, 29) . To obtain such fractions, cytoskeletal preparations are made by extraction of cell monolayers with a Triton-containing buffer in which microtubules are stabilized by inclusion of 6 M glycerol and exclusion of Ca++; the preparations are then treated with Ca ++ in the cold to differentially disassemble and extract microtubule components (tubulin and MAPs). As in previ- ous studies (3, 5) , microtubule fractions prepared from primed PC12 cells that had been labeled with [32P]phosphate contained three chartin MAP families and phosphorylated 13-tubulin (Fig. 8) . The identity of these components was confirmed by two-dimensional isoelectric focusing/SDS PAGE, under which conditions they exhibited their characteristic electrophoretic patterns (3, 29) . Furthermore, as previously reported (3, 5) , these species were greatly enhanced in level as compared with similar material from unprimed cells, and were selectively lost from the microtubule fraction when the cells were treated with anti-microtubule agents before extraction (data not shown).
The data in Fig. 8 show the effect of acute (2-h) exposure of primed PC12 cells to 30 IIM forskolin on phosphorylation of microtubule components. As was observed in whole-cell preparations, phosphorylation of the Mr 64,000 chartin MAP was greatly suppressed, while that of 13-tubulin was largely unaffected. In addition, these data reveal that incorporation of phosphate into the Mr 72,000 and 80,000 chartin MAPs was also significantly reduced in response to acute treatment with forskolin. Finally, the microtubule fraction from the forskolin-treated cells contained elevated levels of a component of apparent Mr 75,000.
Discussion
The data presented here indicate that agents causing large increases in the levels of intracellular cAMP in PC12 cells interfere with some responses to NGF while sparing others. The affected responses comprise those occurring over a variety of times after initial exposure to NGF and include enhanced phosphorylation of tyrosine hydroxylase (<2 h), neurite regeneration (<24 h), formation of long, branched neurites (>3 d), increases in the levels of phosphorylated MAPs (>3 d), and phosphorylation of the 64-80-kD chartin MAPs. The spared responses, likewise, also occur over a range of times and include membrane ruffling (<15 min), process initiation (<3 d), and priming (>3 d). One of the conclusions suggested by such observations is that the response of cells to NGF ultimately involves multiple pathways that differ from one another in their vulnerabilities to treatment with forskolin and cholera toxin.
There are several precedent studies regarding effects of cholera toxin or forskolin on responses of PC12 or chromarlin cells to NGE Ziegler and Unsicker (41) noted that cholera toxin suppressed NGF-promoted process outgrowth from cultured neonatal rat chromaffin cells. Tischler and Slayton (38) reported that, in contrast, cholera toxin did not prevent either spontaneous or NGF-promoted process outgrowth from cultured adult human chromaffin cells. Ziegler and Unsicker also found enhanced process formation in PC12 cell cultures after 24 h of exposure to cholera toxin and NGE Recently, Richter-Landsberg and Jastorff (32) reported an effect of forskolin similar to that described here in which early NGF-promoted neurite extension was enhanced, while, in the presence of 10-100 gM forskolin for more than 6 d, neurite extension was inhibited. The latter authors also reported that at concentrations of 0.01-1 lflVl, forskolin seemed to maintain and stabilize the NGF-promoted neurite network. In the present studies, while we did not systematically monitor the long-term effects of submicromolar forskolin concentrations, there was no dramatic evident potentiation of neurite outgrowth under such conditions.
Dual Effects on Process Outgrowth
Of particular interest is the observation of a dual effect of forskolin on process outgrowth. That is, the initial NGF-promoted outgrowth of processes is enhanced by the presence of forskolin, while, in contrast, the subsequent growth of long, branched neurites is suppressed. This phenomenon does not appear to be attributable to a delayed effect of the drug, since, when tested on neurite regeneration, its blocking actions were evident within 24 h. One possible explanation arises from considerations of the structural and compositional differences between those processes formed during initial exposure to NGF and the neurites that appear to form from these at later times or during regeneration. Ultrastructural studies indicate that the initial processes resemble cytoplasmic extensions and lack organized arrays of microtubule bundles (26). Only after at least 3 d of NGF treatment do the fibers acquire the parallel microtubular arrays that typify neurites (26, 37). Concomitant with delayed formation of microtubule-containing neurites, there occurs an increase in microtubule stability (2), the proportion of total cellular tubulin that is polymerized (3, 8) , along with specific increases in the levels of phosphorylated MAP1.2 (8, 16) and chartins (3, 5) . The neurites that form during NGF-promoted regeneration appear to have the characteristics of established neurites rather than of initial cytoplasmic extensions. It thus appears that the short, initial extensions are not susceptible to the suppressive actions of forskolin, while neurites that contain microtubule arrays are susceptible to this agent. This, in turn, suggests that there may be mechanistic differences between the initial formation of short cytoplasmic extensions and the delayed establishment of neurites.
What might underlie the initial apparent synergistic effects of forskolin and cholera toxin on NGF-induced process formation? As confirmed here, agents that elevate or mimic cAMP in PCl2 cells can themselves promote the formation of short cytoplasmic extensions (15, 17, 18, 21, 22) and appear to enhance the initial morphological actions of NGF (20, 21, 22, 32) . Evidence has been presented that permeant cAMP analogues may promote such actions by leading to an enhanced stability of PC12 cell microtubules (20) . Since the mechanism whereby NGF promotes microtubule polymerization and stabilization appears only after a delayed onset, elevation of cAMP levels during initial exposure to NGF may thus provide a more immediate and alternate effect on microtubules, thereby promoting initial process formation.
How might elevated cAMP suppress the regeneration and elongation of established neurites? One possibility is that elevated cAME either aside from, or due to, its limited actions on process formation, interferes with the delayed-onset mechanism by which NGF regulates microtubule polymerization and stability. One suggestive observation in this regard is the rapid and apparently selective effect of forskolin or cholera toxin on the NGF-induced phosphorylation of the 64-80-kD chartin MAPs. Chartins comprise one relatively abundant group of cellular proteins that selectively associate with microtubules (3, 5, 27, 29, 30) . A variety of criteria have established that chartin MAPs are distinct from another set of MAPs, taus, of similar apparent Mr (3, 5, 27, 30) . Exposure of PC12 cells to NGF promotes a slowly occurring, but substantial increase in the cellular level of highly phosphorylated chartin MAPs (3, 5) . This effect is due to a shift in the degree of phosphorylation of chartins rather than to an increase in their total levels relative to other cell proteins (3) . Recent experiments using lithium ion suggest a potential causal relationship between NGF-induced chartin MAP phosphorylation and NGF-promoted neurite outgrowth (5) . That is, exposure of PC12 cells or sympathetic neurons to Li ÷ was found to reversibly suppress the NGF-dependent outgrowth and regeneration of neurites. Under these conditions, Li ÷ did not block NGF-promoted priming or several other responses to the factor. However, examination of protein phosphorylation in PC12 cells revealed that Li ÷ rapidly and selectively blocks phosphorylation of the 64-80-kD chartin MAPs. Given the apparent role of MAPs in the formation of microtubules and of microtubules in the growth of neurites, such findings led to the hypothesis that NGFinduced chartin MAP phosphorylation may be a required element in microtubule assembly and neurite outgrowth (see also reference 29). The present experiments reveal an addi-tional condition, elevation of intracellular cAMP, that interferes with neurite regeneration and growth and that rapidly and selectively suppresses NGF-induced phosphorylation of the 64-80-kD chartin MAPs. Such findings thus support the above hypothesis and indicate a likely mechanism whereby elevated cAMP may inhibit neurites, namely interference with NGF-dependent chartin MAP phosphorylation.
Mechanistic Considerations
It is clear that it is presently premature to attempt to draw conclusions about the detailed molecular mechanisms of the presently observed phenomena. The data do suggest that the various actions of forskolin and cholera toxin described here are mediated via activation of adenylate cyclase and the consequent elevation of intracellular cAMP. The only presently known shared effect of the two agents is, via different mechanisms, the activation of adenylate cyclase. Further support for this is provided by our observation that inhibition of NGF-promoted neurite outgrowth by forskolin is potentiated in the presence of phosphodiesterase inhibitors. There are several different means by which elevated cAMP could lead to alteration of responses to NGE One is that the observed effects are mediated via activation of cAMP-dependent protein kinase (kinase A). A second is that cAMP, at the greatly increased levels generated in the presence of forskolin or cholera toxin, interacts with, and modifies the activity of a component (or components) other than protein kinase A. Ultimately, these, or other, mechanisms appear to lead rather specifically to inhibition of the pathways by which NGF leads to stimulation of the phosphorylation of tyrosine hydroxylase and of the chartin MAPs. Although a detailed picture of the events occurring between generation of cAMP and selective inhibition of responses to NGF is currently lacking, it is nevertheless evident that forskolin and cholera toxin represent valuable probes for dissecting the mechanism of action of NGF. One important example of this is the correlative finding that these agents block both NGF-dependent neurite outgrowth and chartin MAP phosphorylation.
